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Introduction
Pentatricopeptide repeat (PPR) proteins were first identified 
when Peeters and Small were searching the Arabidopsis thaliana 
genome for proteins that might be targeted to mitochondria or 
chloroplasts. To their surprise, they uncovered a vast family of 
proteins with almost 200 members.1,2 Further analysis has shown 
the PPR protein family to be one of the largest known, with two 
subfamilies and four subclasses containing between 400–600 
independent proteins localized to angiosperm organelles.3 Since 
that time, PPR proteins have been identified in many other 
organisms but their numbers are often limited to approximately 
10 per organism. Plants, therefore, appear to be unique in this 
remarkable expansion of a particular protein family.3
What are PPR proteins? These proteins are characterized bio-
informatically by a canonical motif, a 35 amino acid stretch1 that 
can be repeated up to 30 times. Their structural characterization 
by contrast was hampered for many years, as PPR proteins were 
notoriously difficult to acquire in a soluble form.4 More recent 
efforts, however, have revealed that the PPR protein RF1A from 
rice conforms to the prediction of an array of α-helices5 as does 
the recently crystallized Arabidopsis PRORP1 protein.6 The other 
highly conserved feature is the RNA-binding properties that 
these proteins display, which have clear sequence specificity.3,7 
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Pentatricopeptide repeat (PPR) proteins constitute a large 
family of RNA-binding proteins that contain a canonical 
35 residue repeat motif. Originally identified in Arabidopsis 
thaliana, family members are found in protists, fungi and 
metazoan but are by far most abundant in plant organelles. 
Seven examples have been identified in human mitochondria 
and roles have been tentatively ascribed to each. In this review, 
we briefly outline each of these PPR proteins and discuss the 
role each is believed to play in facilitating mitochondrial gene 
expression.
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The latter is critically linked to function as these proteins are 
involved in a number of aspects of post-transcriptional RNA pro-
cessing in organelles, reviewed in reference 8.
How are PPR proteins distributed across organisms? Since 
these proteins are involved in processing of organellar RNA, one 
facile explanation would be that plants have both chloroplasts 
and mitochondria compared with humans having only mito-
chondria. That would inaccurately assume that chloroplasts have 
the lion’s share of the PPR proteins and it would also not account 
for the 50-fold difference in number of PPR proteins found in 
plants over humans and other organisms. More appropriate theo-
ries, however, have been put forward to try and explain this dif-
ference and the rapid expansion of this family in plants.3,9 One 
such hypothesis has its origins in nucleocytoplasmic conflict, 
whereby the organellar genome evolves to gain advantage over its 
host and the host nucleus co-evolves to restore this balance.10,11 
In many cases, these nuclear “restorer” genes encode PPR pro-
teins.12 Plants generally have much larger organellar genomes 
than human mitochondrial DNA, 390–2,900 kb in size com-
pared with the human 16.5 kb.13,14 These are very plastic genomes 
that can actively recombine, accept foreign DNA by horizontal 
gene transfer, form multiple circular genomes, expand extensive 
introns and transcriptomes harbor RNA editing sites, all of which 
give a wide scope for evolutionary change.13,15 Unlike the exten-
sive organellar genomes of plants, human mitochondrial DNA 
(mtDNA) is a small compact genome exhibiting vanishingly low 
levels of recombination.14,16,17 Transcription yields polycistronic 
transcripts that need to be cleaved into the separate tRNAs, 
rRNAs and mRNAs but there are few nucleotides between these 
coding units and there are no spliced intronic sequences. The 
consequence is that very little non-coding RNA needs to be 
removed, and there is no RNA that requires editing. Thus, many 
of the mechanisms that are fundamental to post-transcriptional 
processing in plants, and possibly the PPR proteins responsible for 
mediating these, are absent in human mitochondria. However, 
PPR proteins have also been shown to be involved in transcript 
stability and to act as translational activators.7 It is, therefore, 
possible that we may yet uncover further human PPRs that assist 
in stabilizing RNA or stimulating its translation.
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How conserved is LRPPRC and how does it work? 
Bioinformatic analysis of the primary sequence of genes encoding 
LRPPRC indicates that orthologs are restricted to the metazoa, 
and that the corresponding proteins carry targeting signals that 
will localize them to mitochondria, although a small fraction has 
been reported to be localized to the nucleus.28,29 LRPPRC shows 
selectivity in nucleotide binding with no detectable affinity for 
poly(A) and preferential binding for polypyrimidines. This RNA 
binding is facilitated by the C terminus as was demonstrated by 
in vitro RNA-binding assays using numerous recombinant trun-
cated LRPPRC variants that differed in their numbers of PPR 
motifs.29 This confirmed the importance of the C terminus for 
function, as had been previously observed in mice,25 and revealed 
that only two of the 11 predicted PPR motifs are involved in 
RNA binding.29 Prediction of these motifs is not trivial and the 
estimate has now increased from 16 PPRs for human LRPPRC28 
to 22.30
Despite the inability to bind poly(A), LRPPRC appears to be 
necessary for polyadenylation of mt-transcripts.31 Depletion of 
LRPPRC in HeLa cells resulted in reduced polyadenylation and 
also reduced steady-state levels of virtually all mt-mRNAs.32,33 
This result was recapitulated in a heart-specific disruption of 
Lrpprc in mice that caused mitochondrial cardiomyopathy 
accompanied by a dramatic decrease in the steady-state levels of 
mt-mRNAs, only. This decrease reflected a loss of stability and 
also reduced polyadenylation of the mt-transcripts. The con-
sequence was aberrant mitochondrial protein synthesis, with 
marked variability in the translatabilty of different transcripts—
increased, decreased or even absent.31 Loss of poly(A) tails and 
decreased transcript stability were also observed in Drosophila 
after knockdown of the Bicoid Stability Factor, a PPR protein 
with homology to LRPPRC.34 In concert, these data confirm the 
importance of LRPPRC in the maintenance of mitochondrial 
gene expression.
In both human and mice, the RNA binding by LRPPRC 
appears to function as part of a complex together with a much 
smaller protein, SLIRP.31,32,35 SLIRP was originally identified as 
a stem-loop RNA-binding protein that is active in the nucleus, 
although in fact the majority of the protein partitions to mito-
chondria,36 where together with LRPPRC they sequester and 
stabilize an extra-ribosomal pool of mt-mRNAs protecting them 
from exonucleolytic degradation prior to translation.31,35
In addition to SLIRP, LRPPRC appears to interact with 
a number of proteins involved in mitochondrial biogenesis,37 
transcript synthesis38 and also translation as it has been found 
to immunoprecipitate with a member of the large mitoribosome, 
ICT1.39 Consistent with a role in gene expression, SILAC analyses 
have also identified LRPPRC in complexes with ATAD3, known 
to be associated with nucleoids, and C4orf14, which is involved 
in biogenesis of the small subunit of the mitoribosome.40,41 In 
contrast to its mitochondrial function, it has been reported to 
bind the cytosolic proteins translation initiation factor 4E42 and 
neurofibromin.43
Studies on the overexpression of LRPPRC examined the con-
sequences on mitochondrial biogenesis at the ultrastructural 
level. Electron microscopy revealed that there was no change in 
So how many PPR proteins are there in man? In 2008 the 
list numbered only six human PPR proteins18 and yeast had even 
fewer with only three identified in Saccharomyces cerevisiae.19 
Since then, efforts have been made to improve the predictive 
algorithms in an attempt to uncover PPR proteins that have 
hitherto escaped identification (reviewed in ref. 4). This task has 
been made harder as a computational comparison of PPRs from 
different organisms has shown that predictive methods for one 
organism are suboptimal for distinguishing PPRs from other 
organisms.19 However, a newly derived iterative hidden Markov 
model has increased the number of potential yeast PPR proteins 
from three to 12, all of which are mitochondrial.19 Other models 
have also been established that allow prediction of the specific 
RNA target to which particular PPR proteins bind.9,20 It is hoped 
that such predictive bioinformatic algorithms may improve our 
understanding of PPR function and specificity. In time, this may 
have a therapeutic use, as PPRs could be genetically manipulated 
to alter their specificity in order to target and neutralize aberrant 
RNAs.9
Despite these efforts, the number of human PPR proteins 
remains low at only 7 (Table 1), all are found localized to mito-
chondria and either by prediction or experimental evidence all are 
RNA binding proteins. Although the number of identified PPR 
proteins has not increased dramatically, we have greatly increased 
our detailed understanding of their roles in the mitochondrion 
and their interaction partners.
LRPPRC
The first human PPR protein to be identified was the leucine-rich 
PPR cassette (LRPPRC, also called LRP130) protein, which was 
identified through an integrative genomics approach demonstrat-
ing how combining proteomic/genomic data and RNA expres-
sion patterns could inform disease-gene identification.21 This 
was swiftly followed by a report linking mutations in LRPPRC 
with a form of cytochrome c oxidase (COX) deficiency (French 
Canadian Leigh syndrome). In LRPPRC-deficient patient cell 
lines, Robinson and colleagues observed lowered steady-state 
levels of mitochondrial transcripts coding for members of com-
plex IV of the respiratory chain.22 Further work has established 
that although French Canadian Leigh syndrome affects complex 
IV, its clinical presentation is distinct from other forms of COX 
deficiency.23 Modeling this syndrome by depletion of LRPPRC 
using shRNA in human fibroblasts also showed lowered levels of 
almost all mtDNA encoded transcripts with relative sparing of 
the mitochondrial (mt)-rRNAs.24 In related work, mice express-
ing a homozygous C-terminal deleted LRPPRC variant were 
shown to be embryonic lethal. It was possible to derive embry-
onic fibroblasts from this model and these too showed decreased 
COX activity.25
LRPPRC expression has also been examined in various tumor 
samples. Analysis using immunohistochemistry has revealed 
much higher levels of this protein in the tumor compared with 
the surrounding normal tissue, together with reduced apoptosis.26 
This anti-apoptotic activity has been observed by other groups,27 
suggesting that LRPPRC may play a role in tumorigenesis.
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pronounced effect on synthesis of COXI and COXII.53 Low-
resolution cryo-EM studies had defined the structure of a bovine 
mitoribosomal preparation to approximately 10 Å.54 Although 
this has resolved many questions about the differences between 
mammalian mitoribosomes and ribosomes from eubacteria and 
the eukaryotic cytosol, the definition remains too low to assign 
positions to each component polypeptide. Consequently, it is dif-
ficult to know exactly where in the mitoribosome this subunit 
resides. This raises again the importance of producing a high-
resolution structure for the mammalian mitoribosome, which 
would also need to be demonstrated to function in vitro.
PTCD1, 2 and 3
A cluster of three pentatricopeptide domain (PTCD)-containing 
proteins, namely PTCD1, PTCD2 and PTCD3, also affect mito-
chondrial translation. So far these have received less attention 
than the previous examples. PTCD1 was noted as sharing homol-
ogy with a Neurospora crassa protein that acts as an assembly fac-
tor for complex I of the respiratory chain.55 The human PTCD1 
has been shown to be a mitochondrial matrix protein, with eight 
predicted PPR domains. It appears to have RNA-binding activity 
as it was seen to associate with both mt-tRNAleu(UUR) and mt-
tRNAleu(CUN) transcripts, and also uncleaved precursors contain-
ing either of these sequences.56 Analysis indicates that PTCD1 
regulates levels of mt-tRNAleu and that manipulation of PTCD1 
by siRNA depletion results in increased steady-state of both 
mt-tRNAleu species. In an analogous fashion, overexpression of 
PTCD1 resulted in decreased mt-tRNAleu levels. However, nei-
ther depletion nor overexpression changed the overall levels of 
mature mt-mRNAs or mt-rRNAs. PTCD1 depletion was accom-
panied by a modest increase in expression of mt-encoded complex 
I and IV subunits, but only increased activity for complex IV.56 
the mitochondrial volume compared with controls but there was 
a clear remodeling resulting in increased cristae density.38
This shows that LRPPRC is involved in a number of differ-
ent pathways and interacts with numerous proteins, only some of 
which are related here (Fig. 1). There are a significant number of 
other reports relating to LRPPRC, including those suggesting it 
can affect fatty acid oxidation,38 and interact with mitochondrial 
RNA polymerase to activate mt-transcription.33,38 Not all the 
data concerning LRPPRC are consistent and there are probably 
more interactions yet to be uncovered, but it certainly appears to 
be an important mitochondrial protein that plays a role in mt-
RNA metabolism.
POLRMT
The mitochondrial RNA polymerase (POLRMT) is another of the 
human PPR proteins. It too has a key role in mitochondrial gene 
expression as it not only generates the polycistronic transcripts,44 
without which there would be no expression of the mitochondrial 
genome, but also synthesizes the RNA primers necessary to initi-
ate replication of mtDNA.45 Despite the prokaryotic evolutionary 
origins of mitochondria, POLRMT is related to the single subunit 
bacteriophage T7 molecule rather than prokaryotic RNA polymer-
ases.46 Recent X-ray structures reveal that there is a unique helical 
domain in the molecule consisting of nine α-helices of which there 
are two pairs that constitute PPR motifs.47 The conserved residues 
within these PPR domains form part of the helix-turn-helix fold 
that interacts with the N-terminal domain, which is necessary for 
function.47 The PPR domain has also been postulated to facilitate 
an interaction with LRPPRC, potentially linking transcription to 
subsequent post-transcriptional events acting on the newly synthe-
sized mt-RNAs.46 Other interaction partners of POLRMT include 
the transcription elongation factor of mitochondria (TEFM), an 
RNase-resistant association48 and one of the mitoribosomal pro-
teins, MRPL12.49 This protein is part of the large subunit (LSU) 
and has been reported to exist both complexed with the LSU 
and as a free pool. It is the “free” MRPL12 that appears to bind 
POLRMT to activate transcription.50 A recent report suggests that 
in addition to its role in transcription, POLRMT may also assist 
in maturation of the small ribosomal subunit (SSU).51 The authors 
propose that by interacting with mitochondrial transcription factor 
B1 (h-mtTFB1) in the SSU, POLRMT supports the dimethylation 
activity of h-mtTFB1 on the 12S mt-rRNA, adding a quality con-
trol step to SSU and mitoribosome biogenesis.51
MRPS27
The small subunit of mammalian mitoribosomes comprises 
~30 polypeptides, almost half of which do not have eubacterial 
orthologs.52 One of these is MRPS27 and it is a PPR protein. 
Investigation into this protein predicted that it contains six PPR 
domains but neither siRNA depletion nor overexpression of the 
protein were reported to affect levels of mature mt-RNAs. The 
authors analyzed the levels of other MRPs in the absence of 
MRPS27, but despite these appearing unaffected there was an 
apparent decrease in the efficiency of mt-translation with a more 
Figure 1. Cartoon depicting LRPPRC, a subset of its interacting part-
ners, and processes in which it is involved. LRPPRC has a number of 
interactions that facilitate mitochondrial gene expression. It has also 
been reported to be involved in other cellular processes. The size of 
the arrow between LRPPRC and the surrounding balloons, together 
with the intensity of the balloon color, is an indicator of the amount of 
literature supporting these connections.
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the mt-SSU via the C terminus of mtIF3.62 Reflecting this involve-
ment in mt-translation PTCD3, as for PTCD1, was found to be a 
strong interactor with the mitoribosome39 and also mitochondrial 
ribosome recycling factor.63 A further substantiation of its role in 
RNA metabolism is the observation that it is found in association 
with mitochondrial RNA granules that are found in the matrix. 
In addition to PTCD3, these contain nascent mt-RNA, RNase P 
and GRSF1.64 As an unexplained but interesting aside, PTCD3 
was also found in a different immunocapture experiment. Here, 
the aim was to find interaction partners of transcription elongation 
factor of mitochondria (TEFM) and, as mentioned above, another 
PPR protein, POLRMT, was identified. Unlike the POLRMT 
interaction, PTCD3/TEFM contact was lost when the sample was 
treated with RNase.48 These various associations with protein com-
ponents involved in different aspects of mt-RNA metabolism sug-
gest there may yet be undiscovered roles for PTCD3.
MRPP3
Last to be identified but not least of the human PPR proteins is 
mitochondrial RNase P protein 3 (MRPP3). This protein has been 
identified as a subunit of the mammalian mitochondrial RNase P 
complex.65 As mentioned briefly earlier, human mtDNA is tran-
scribed into long polycistronic transcripts that need to be cleaved 
into their constituent RNA species, separating the mt-tRNAs, from 
the -rRNAs and -mRNA species. According to the tRNA punctu-
ation model first hypothesized by Ojala et al.,66,67 the distribution 
of mt-tRNAs in these polycistronic units means that after their 
excision, the vast majority of the remaining RNAs are ready to be 
matured.66,67 After many years of controversy, RNase P, the major 
enzyme complex responsible for part of this endonucleolytic activ-
ity, was clarified as consisting of only three proteins and no RNA 
component,65 although a second, RNA-containing mitochondrial 
RNase P activity, has been described.68 One of these three pro-
teins was KIAA0391 and has since been renamed MRPP3, for 
mitochondrial RNase P protein 3. As with most PPRs, there is 
no crystal structure for MRPP3; however, the structure of the 
protein-only RNase P, a plant equivalent, has recently been pub-
lished.6 Although from a different organism, the structural infor-
mation on the PPR element, PRORP1, may provide insight into 
how MRPP3 functions.69 Here the metallonuclease region of the 
C terminus appears to be evolutionarily conserved and harbor the 
catalytic domain.69 Also within the catalytic region are four con-
served residues that constitute a zinc-binding pocket.70 This zinc 
binding is proposed to stabilize the structure to facilitate binding 
of the tRNA to PRORP1.6 Consistent with other PPR proteins is 
the RNA-binding activity and the three tandem PPR motifs,30,50 
which in PRORP1 are N-terminal to the catalytic domain.6,69,70 
As mentioned above, MRPP3, together with MRPP1 as part of 
RNase P complex, were recently found in mitochondrial RNA 
granules that form discrete foci within the mitochondrial matrix. 
Perhaps MRPP3 is in these granules so that in addition to its role 
in mt-tRNA cleavage, or in concert with other as-yet-undiscovered 
PPR proteins, it can facilitate the endonucleolytic release of open 
reading frames such as RNA14 that are not flanked on both sides 
by mt-tRNAs?
Subsequent work by the same group has shown that PTCD1 may 
play a role in processing of the polycistronic RNA. Depletion of 
PTCD1 had a modest effect on increasing the number of partially 
processed intermediates. Conversely, overexpression of PTCD1 
reduced the number of precursor RNA species. These effects were 
most apparent on the MTND4-5 and tRNAAla-MTCO1 species.57 
Immunocapture of the mitoribosome via a large subunit protein, 
ICT1, revealed a number of interacting proteins. As mentioned 
above, this included LRPPRC, it also included PTCD1 but there 
has been no further investigation into this interaction.39
PTCD2 shares 17.8% identity with MRPS27 but investiga-
tions performed using a mouse model suggest that their func-
tions are quite different.55 The mouse PTCD2 was believed to 
have a single PPR motif, whereas the human has now been shown 
to have five.30 RNA from numerous mouse tissues was analyzed 
revealing that there are varying levels of PTCD2 expression with 
highest levels in heart, liver and kidney.55 A mouse model with 
a gene disruption in PTCD2 was then generated and the respi-
ratory chain activities from these same tissues were analyzed 
in controls and mice with the PTCD2 disruption. There was a 
clear defect in heart for complex III and combined complex I+III 
activities, with a modest increase in complex IV in liver. Northern 
analysis indicated that levels of the unprocessed precursor encod-
ing cytochrome b were elevated in the PTCD2 mutant mouse 
tissues compared with controls. Commensurately, the levels of 
fully processed MTCYB transcript were reduced. Consistent with 
this observation, subsequent western blotting of mitochondrial 
extracts indicated that as a consequence there were lowered lev-
els of cytochrome b protein. The authors conclude that although 
PTCD2 disruption decreases complex III of the respiratory chain 
exclusively, it did seem to correlate with increased mitochon-
drial mass in liver, with mild but consistent alterations in cristae 
structure.55 A surprising observation relating to PTCD2 is that it 
has been identified as a target for autoantibodies in neurodegen-
erative disease and is used as a biomarker for Alzheimer disease 
(AD).58 Moreover, it appears that on western blot examination of 
brain from Alzheimer patients compared with controls, there are 
elevated levels of PTCD2 in the cerebral cortex of AD patients.59
In a similar fashion to PTCD1, PTCD3 has an ortholog that is 
an OXPHOS assembly factor, but in this case it is the ortholog of 
a plant protein that helps assemble complex V.55 Human PTCD3 
is predicted to contain 15 PPR domains, and as with PTCD2, its 
mRNA expression varies between tissues.30,60 This protein was 
initially identified as a mitochondrial RNA-binding protein with 
some similarity to PPR proteins.61 This has subsequently been 
designated PTCD3. Consistent with a role in RNA binding and 
mitochondrial gene expression, PTCD3 was found associated with 
the mt-rRNA from the small ribosomal subunit but not other mt-
RNAs. Although it was found to associate with the SSU, the loss of 
PTCD3 did not appear to affect mitoribosome formation. Neither 
depletion nor overexpression affected mt-mRNA levels, implying 
that PTCD3 does not function in either mRNA processing or sta-
bility. Depleting PTCD3 in 143B osteosarcoma cells, however, did 
have a general effect on mitochondrial protein synthesis. This was 
decreased as was oxygen consumption and activities of complexes 
III and IV.60 Haque et al. also found PTCD3 to be associated with 
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Cells lacking mtDNA (rho0) would not be predicted to need 
proteins responsible for mt-RNA metabolism. This has been 
reported for a number of PPR proteins where downregulation 
of LRPPRC, PTCD1, PTCD2 and PTCD3 was observed,25 and 
also ICT1, MRPL3 and EraL1 (authors’ unpublished obser-
vations) confirming their importance in mitochondrial gene 
expression. Further, changes in one PPR protein seem to affect 
a subset of the others as mouse embryonic fibroblasts carrying a 
LRPPRC mutation displayed an unanticipated increase in levels 
of PTCD2 and MRPS27.25
Analysis of the human genome has arguably revealed the entire 
set of protein-coding genes; however, the complexities of predicting 
PPR domains may have masked our ability to determine the com-
plete set of PPR proteins. Even assuming that we do have a limited 
number of PPR proteins and they have all been identified, perhaps 
this is because in humans, mtRNA requires fewer manipulations 
and PPR proteins perform multiple functions. This is consistent 
with the increasing number of interacting proteins that are being 
found to associate with the known PPRs. If this is the case, then we 
can conclude that there are secrets about human PPR interactions 
and functions that are still left to be uncovered.
Table 1. Human PPR proteins and reported interactors
PPR protein PPR domains30 Known associated proteins*
LRPPRC 22 SLIRP, ATAD3, C4orf14, ICT1, POLRMT, 
PGC-1α, eIF4E, neurofibromin
POLRMT 2 LRPPRC, TEFM, MRPL12, h-mtTFB1.
MRPS27 6 MRPs
PTCD1 8 ELAC2, ICT1
PTCD2 5
PTCD3 15 ICT1, mtRRF, TEFM, mtIF3
MRPP3 3 mitochondrial RNase P complex
*Lists only associated proteins described in the main text, not fully 
comprehensive of all published literature.
References
1. Small ID, Peeters N. The PPR motif - a TPR-related 
motif prevalent in plant organellar proteins. Trends 
Biochem Sci 2000; 25:46-7; PMID:10664580; http://
dx.doi.org/10.1016/S0968-0004(99)01520-0.
2. Lurin C, Andrés C, Aubourg S, Bellaoui M, Bitton F, 
Bruyère C, et al. Genome-wide analysis of Arabidopsis 
pentatricopeptide repeat proteins reveals their essential 
role in organelle biogenesis. Plant Cell 2004; 16:2089-
103; PMID:15269332; http://dx.doi.org/10.1105/
tpc.104.022236.
3. Fujii S, Small I. The evolution of RNA editing and pen-
tatricopeptide repeat genes. New Phytol 2011; 191:37-
47; PMID:21557747; http://dx.doi.org/10.1111/
j.1469-8137.2011.03746.x.
4. Filipovska A, Rackham O. Modular recognition of 
nucleic acids by PUF, TALE and PPR proteins. Mol 
Biosyst 2012; 8:699-708; PMID:22234420; http://
dx.doi.org/10.1039/c2mb05392f.
5. Kun W, Feng G, Renshan Z, Shaoqing L, Yingguo 
Z. Expression, Purification, and Secondary Structure 
Prediction of Pentatricopeptide Repeat Protein RF1A 
from Rice. Plant Mol Biol Rep 2011; 29:739-44; http://
dx.doi.org/10.1007/s11105-010-0260-7.
6. Howard MJ, Lim WH, Fierke CA, Koutmos M. 
Mitochondrial ribonuclease P structure provides 
insight into the evolution of catalytic strategies for 
precursor-tRNA 5' processing. Proc Natl Acad Sci USA 
2012; 109:16149-54; PMID:22991464; http://dx.doi.
org/10.1073/pnas.1209062109.
7. Delannoy E, Stanley WA, Bond CS, Small ID. 
Pentatricopeptide repeat (PPR) proteins as sequence-
specificity factors in post-transcriptional processes 
in organelles. Biochem Soc Trans 2007; 35:1643-
7; PMID:18031283; http://dx.doi.org/10.1042/
BST0351643.
8. Schmitz-Linneweber C, Small I. Pentatricopeptide 
repeat proteins: a socket set for organelle gene expression. 
Trends Plant Sci 2008; 13:663-70; PMID:19004664; 
http://dx.doi.org/10.1016/j.tplants.2008.10.001.
9. Fujii S, Bond CS, Small ID. Selection patterns on 
restorer-like genes reveal a conflict between nuclear 
and mitochondrial genomes throughout angiosperm 
evolution. Proc Natl Acad Sci USA 2011; 108:1723-
8; PMID:21220331; http://dx.doi.org/10.1073/
pnas.1007667108.
10. Sagan L. On the origin of mitosing cells. J Theor 
Biol 1967; 14:255-74; PMID:11541392; http://dx.doi.
org/10.1016/0022-5193(67)90079-3.
11. Horner DS, Hirt RP, Kilvington S, Lloyd D, Embley 
TM. Molecular data suggest an early acquisition of 
the mitochondrion endosymbiont. Proc Biol Sci 
1996; 263:1053-9; PMID:8805838; http://dx.doi.
org/10.1098/rspb.1996.0155.
12. Kotchoni SO, Jimenez-Lopez JC, Gachomo EW, 
Seufferheld MJ. A new and unified nomenclature for 
male fertility restorer (RF) proteins in higher plants. 
PLoS One 2010; 5:e15906; PMID:21203394; http://
dx.doi.org/10.1371/journal.pone.0015906.
13. Alverson AJ, Wei X, Rice DW, Stern DB, Barry K, 
Palmer JD. Insights into the evolution of mitochondrial 
genome size from complete sequences of Citrullus lana-
tus and Cucurbita pepo (Cucurbitaceae). Mol Biol Evol 
2010; 27:1436-48; PMID:20118192; http://dx.doi.
org/10.1093/molbev/msq029.
14. Anderson S, Bankier AT, Barrell BG, de Bruijn MHL, 
Coulson AR, Drouin J, et al. Sequence and organiza-
tion of the human mitochondrial genome. Nature 
1981; 290:457-65; PMID:7219534; http://dx.doi.
org/10.1038/290457a0.
15. Ward BL, Anderson RS, Bendich AJ. The mitochondrial 
genome is large and variable in a family of plants (cucur-
bitaceae). Cell 1981; 25:793-803; PMID:6269758; 
http://dx.doi.org/10.1016/0092-8674(81)90187-2.
16. Elson JL, Andrews RM, Chinnery PF, Lightowlers RN, 
Turnbull DM, Howell N. Analysis of European mtDNAs 
for recombination. Am J Hum Genet 2001; 68:145-53; 
PMID:11115380; http://dx.doi.org/10.1086/316938.
17. Eyre-Walker A, Awadalla P. Does human mtDNA recom-
bine? J Mol Evol 2001; 53:430-5; PMID:11675602; 
http://dx.doi.org/10.1007/s002390010232.
18. Lightowlers RN, Chrzanowska-Lightowlers ZM. PPR 
(pentatricopeptide repeat) proteins in mammals: impor-
tant aids to mitochondrial gene expression. Biochem 
J 2008; 416:e5-6; PMID:18939947; http://dx.doi.
org/10.1042/BJ20081942.
19. Lipinski KA, Puchta O, Surendranath V, Kudla M, 
Golik P. Revisiting the yeast PPR proteins--application 
of an Iterative Hidden Markov Model algorithm reveals 
new members of the rapidly evolving family. Mol 
Biol Evol 2011; 28:2935-48; PMID:21546354; http://
dx.doi.org/10.1093/molbev/msr120.
20. Barkan A, Rojas M, Fujii S, Yap A, Chong YS, Bond 
CS, et al. A combinatorial amino acid code for RNA 
recognition by pentatricopeptide repeat proteins. PLoS 
Genet 2012; 8:e1002910; PMID:22916040; http://
dx.doi.org/10.1371/journal.pgen.1002910.
21. Mootha VK, Lepage P, Miller K, Bunkenborg J, Reich 
M, Hjerrild M, et al. Identification of a gene causing 
human cytochrome c oxidase deficiency by integrative 
genomics. Proc Natl Acad Sci USA 2003; 100:605-
10; PMID:12529507; http://dx.doi.org/10.1073/
pnas.242716699.
22. Xu F, Morin C, Mitchell G, Ackerley C, Robinson 
BH. The role of the LRPPRC (leucine-rich pentatri-
copeptide repeat cassette) gene in cytochrome oxidase 
assembly: mutation causes lowered levels of COX (cyto-
chrome c oxidase) I and COX III mRNA. Biochem 
J 2004; 382:331-6; PMID:15139850; http://dx.doi.
org/10.1042/BJ20040469.
23. Debray FG, Morin C, Janvier A, Villeneuve J, Maranda 
B, Laframboise R, et al. LRPPRC mutations cause a 
phenotypically distinct form of Leigh syndrome with 
cytochrome c oxidase deficiency. J Med Genet 2011; 
48:183-9; PMID:21266382; http://dx.doi.org/10.1136/
jmg.2010.081976.
24. Gohil VM, Nilsson R, Belcher-Timme CA, Luo B, Root 
DE, Mootha VK. Mitochondrial and nuclear genomic 
responses to loss of LRPPRC expression. J Biol Chem 
2010; 285:13742-7; PMID:20220140; http://dx.doi.
org/10.1074/jbc.M109.098400.
25. Xu F, Addis JB, Cameron JM, Robinson BH. LRPPRC 
mutation suppresses cytochrome oxidase activity by alter-
ing mitochondrial RNA transcript stability in a mouse 
model. Biochem J 2012; 441:275-83; PMID:21880015; 
http://dx.doi.org/10.1042/BJ20110985.
26. Tian T, Ikeda J, Wang Y, Mamat S, Luo W, Aozasa K, et 
al. Role of leucine-rich pentatricopeptide repeat motif-
containing protein (LRPPRC) for anti-apoptosis and 
tumourigenesis in cancers. Eur J Cancer 2012; 48:2462-
73; PMID:22326293; http://dx.doi.org/10.1016/j.
ejca.2012.01.018.
27. Michaud M, Barakat S, Magnard S, Rigal D, Baggetto 
LG. Leucine-rich protein 130 contributes to apoptosis 
resistance of human hepatocarcinoma cells. Int J Oncol 
2011; 38:169-78; PMID:21109938.
6 RNA Biology Volume 10 Issue 9
56. Rackham O, Davies SM, Shearwood AM, Hamilton 
KL, Whelan J, Filipovska A. Pentatricopeptide repeat 
domain protein 1 lowers the levels of mitochondrial leu-
cine tRNAs in cells. Nucleic Acids Res 2009; 37:5859-
67; PMID:19651879; http://dx.doi.org/10.1093/nar/
gkp627.
57. Sanchez MI, Mercer TR, Davies SM, Shearwood AM, 
Nygård KK, Richman TR, et al. RNA processing 
in human mitochondria. Cell Cycle 2011; 10:2904-
16; PMID:21857155; http://dx.doi.org/10.4161/
cc.10.17.17060.
58. Nagele E, Han M, Demarshall C, Belinka B, Nagele 
R. Diagnosis of Alzheimer’s disease based on disease-
specific autoantibody profiles in human sera. PLoS 
One 2011; 6:e23112; PMID:21826230; http://dx.doi.
org/10.1371/journal.pone.0023112.
59. Acharya NK, Nagele EP, Han M, Coretti NJ, DeMarshall 
C, Kosciuk MC, et al. Neuronal PAD4 expression and 
protein citrullination: possible role in production of 
autoantibodies associated with neurodegenerative dis-
ease. J Autoimmun 2012; 38:369-80; PMID:22560840; 
http://dx.doi.org/10.1016/j.jaut.2012.03.004.
60. Davies SM, Rackham O, Shearwood AM, Hamilton 
KL, Narsai R, Whelan J, et al. Pentatricopeptide repeat 
domain protein 3 associates with the mitochondri-
al small ribosomal subunit and regulates translation. 
FEBS Lett 2009; 583:1853-8; PMID:19427859; http://
dx.doi.org/10.1016/j.febslet.2009.04.048.
61. Koc EC, Spremulli LL. RNA-binding proteins of mam-
malian mitochondria. Mitochondrion 2003; 2:277-91; 
PMID:16120328; http://dx.doi.org/10.1016/S1567-
7249(03)00005-9.
62. Haque ME, Koc H, Cimen H, Koc EC, Spremulli LL. 
Contacts between mammalian mitochondrial transla-
tional initiation factor 3 and ribosomal proteins in the 
small subunit. Biochim Biophys Acta 2011; 1814:1779-
84; PMID:22015679; http://dx.doi.org/10.1016/j.bba-
pap.2011.09.013.
63. Rorbach J, Richter R, Wessels HJ, Wydro M, Pekalski 
M, Farhoud M, et al. The human mitochondrial ribo-
some recycling factor is essential for cell viability. Nucleic 
Acids Res 2008; 36:5787-99; PMID:18782833; http://
dx.doi.org/10.1093/nar/gkn576.
64. Jourdain AA, Koppen M, Wydro M, Rodley CD, 
Lightowlers RN, Chrzanowska-Lightowlers ZM, et 
al. GRSF1 regulates RNA processing in mitochon-
drial RNA granules. Cell Metab 2013; 17:399-410; 
PMID:23473034; http://dx.doi.org/10.1016/j.
cmet.2013.02.005.
65. Holzmann J, Frank P, Löffler E, Bennett KL, Gerner C, 
Rossmanith W. RNase P without RNA: identification 
and functional reconstitution of the human mitochon-
drial tRNA processing enzyme. Cell 2008; 135:462-
74; PMID:18984158; http://dx.doi.org/10.1016/j.
cell.2008.09.013.
66. Ojala D, Merkel C, Gelfand R, Attardi G. The tRNA 
genes punctuate the reading of genetic information 
in human mitochondrial DNA. Cell 1980; 22:393-
403; PMID:7448867; http://dx.doi.org/10.1016/0092-
8674(80)90350-5.
67. Ojala D, Montoya J, Attardi G. tRNA punctuation 
model of RNA processing in human mitochondria. 
Nature 1981; 290:470-4; PMID:7219536; http://
dx.doi.org/10.1038/290470a0.
68. Wang G, Chen HW, Oktay Y, Zhang J, Allen EL, Smith 
GM, et al. PNPASE regulates RNA import into mito-
chondria. Cell 2010; 142:456-67; PMID:20691904; 
http://dx.doi.org/10.1016/j.cell.2010.06.035.
69. Gobert A, Gutmann B, Taschner A, Gössringer M, 
Holzmann J, Hartmann RK, et al. A single Arabidopsis 
organellar protein has RNase P activity. Nat Struct Mol 
Biol 2010; 17:740-4; PMID:20473316; http://dx.doi.
org/10.1038/nsmb.1812.
70. Gobert A, Pinker F, Fuchsbauer O, Gutmann B, Boutin 
R, Roblin P, et al. Structural insights into protein-only 
RNase P complexed with tRNA. Nat Commun 2013; 
4:1353; PMID:23322041; http://dx.doi.org/10.1038/
ncomms2358.
42. Topisirovic I, Siddiqui N, Lapointe VL, Trost M, 
Thibault P, Bangeranye C, et al. Molecular dissec-
tion of the eukaryotic initiation factor 4E (eIF4E) 
export-competent RNP. EMBO J 2009; 28:1087-
98; PMID:19262567; http://dx.doi.org/10.1038/
emboj.2009.53.
43. Arun V, Wiley JC, Kaur H, Kaplan DR, Guha A. 
A novel neurofibromin (NF1) interaction with the 
leucine-rich pentatricopeptide repeat motif-containing 
protein links neurofibromatosis type 1 and the French 
Canadian variant of Leigh’s syndrome in a common 
molecular complex. J Neurosci Res 2013; 91:494-505; 
PMID:23361976; http://dx.doi.org/10.1002/jnr.23189.
44. Tiranti V, Savoia A, Forti F, D’Apolito MF, Centra M, 
Rocchi M, et al. Identification of the gene encoding the 
human mitochondrial RNA polymerase (h-mtRPOL) by 
cyberscreening of the Expressed Sequence Tags database. 
Hum Mol Genet 1997; 6:615-25; PMID:9097968; 
http://dx.doi.org/10.1093/hmg/6.4.615.
45. Chang DD, Clayton DA. Priming of human mito-
chondrial DNA replication occurs at the light-strand 
promoter. Proc Natl Acad Sci USA 1985; 82:351-
5; PMID:2982153; http://dx.doi.org/10.1073/
pnas.82.2.351.
46. Arnold JJ, Smidansky ED, Moustafa IM, Cameron CE. 
Human mitochondrial RNA polymerase: structure-
function, mechanism and inhibition. Biochim Biophys 
Acta 2012; 1819:948-60; PMID:22551784; http://
dx.doi.org/10.1016/j.bbagrm.2012.04.002.
47. Ringel R, Sologub M, Morozov YI, Litonin D, 
Cramer P, Temiakov D. Structure of human mito-
chondrial RNA polymerase. Nature 2011; 478:269-
73; PMID:21947009; http://dx.doi.org/10.1038/
nature10435.
48. Minczuk M, He J, Duch AM, Ettema TJ, Chlebowski 
A, Dzionek K, et al. TEFM (c17orf42) is necessary 
for transcription of human mtDNA. Nucleic Acids 
Res 2011; 39:4284-99; PMID:21278163; http://dx.doi.
org/10.1093/nar/gkq1224.
49. Wang Z, Cotney J, Shadel GS. Human mitochon-
drial ribosomal protein MRPL12 interacts directly with 
mitochondrial RNA polymerase to modulate mitochon-
drial gene expression. J Biol Chem 2007; 282:12610-
8; PMID:17337445; http://dx.doi.org/10.1074/jbc.
M700461200.
50. Surovtseva YV, Shutt TE, Cotney J, Cimen H, Chen 
SY, Koc EC, et al. Mitochondrial ribosomal protein L12 
selectively associates with human mitochondrial RNA 
polymerase to activate transcription. Proc Natl Acad 
Sci USA 2011; 108:17921-6; PMID:22003127; http://
dx.doi.org/10.1073/pnas.1108852108.
51. Surovtseva YV, Shadel GS. Transcription-independent 
role for human mitochondrial RNA polymerase in 
mitochondrial ribosome biogenesis. Nucleic Acids Res 
2013; 41:2479-88; PMID:23303773; http://dx.doi.
org/10.1093/nar/gks1447.
52. Koc EC, Md E, Haque E, Spremulli LL. Current Views 
of the Structure of the Mammalian Mitochondrial 
Ribosome. Isr J Chem 2010; 50:45-59; http://dx.doi.
org/10.1002/ijch.201000002.
53. Davies SM, Lopez Sanchez MI, Narsai R, Shearwood 
AM, Razif MF, Small ID, et al. MRPS27 is a pentatrico-
peptide repeat domain protein required for the transla-
tion of mitochondrially encoded proteins. FEBS Lett 
2012; 586:3555-61; PMID:22841715; http://dx.doi.
org/10.1016/j.febslet.2012.07.043.
54. Sharma MR, Koc EC, Datta PP, Booth TM, Spremulli 
LL, Agrawal RK. Structure of the mammalian mito-
chondrial ribosome reveals an expanded functional role 
for its component proteins. Cell 2003; 115:97-108; 
PMID:14532006; http://dx.doi.org/10.1016/S0092-
8674(03)00762-1.
55. Xu F, Ackerley C, Maj MC, Addis JB, Levandovskiy V, 
Lee J, et al. Disruption of a mitochondrial RNA-binding 
protein gene results in decreased cytochrome b expres-
sion and a marked reduction in ubiquinol-cytochrome 
c reductase activity in mouse heart mitochondria. 
Biochem J 2008; 416:15-26; PMID:18729827; http://
dx.doi.org/10.1042/BJ20080847.
28. Sterky FH, Ruzzenente B, Gustafsson CM, Samuelsson 
T, Larsson NG. LRPPRC is a mitochondrial matrix 
protein that is conserved in metazoans. Biochem Biophys 
Res Commun 2010; 398:759-64; PMID:20633537; 
http://dx.doi.org/10.1016/j.bbrc.2010.07.019.
29. Mili S, Piñol-Roma S. LRP130, a pentatricopeptide motif 
protein with a noncanonical RNA-binding domain, is 
bound in vivo to mitochondrial and nuclear RNAs. Mol 
Cell Biol 2003; 23:4972-82; PMID:12832482; http://
dx.doi.org/10.1128/MCB.23.14.4972-4982.2003.
30. Rackham O, Filipovska A. The role of mammalian PPR 
domain proteins in the regulation of mitochondrial gene 
expression. Biochim Biophys Acta 2012; 1819:1008-
16; PMID:22051507; http://dx.doi.org/10.1016/j.
bbagrm.2011.10.007.
31. Ruzzenente B, Metodiev MD, Wredenberg A, Bratic 
A, Park CB, Cámara Y, et al. LRPPRC is necessary 
for polyadenylation and coordination of translation 
of mitochondrial mRNAs. EMBO J 2012; 31:443-
56; PMID:22045337; http://dx.doi.org/10.1038/
emboj.2011.392.
32. Chujo T, Ohira T, Sakaguchi Y, Goshima N, Nomura 
N, Nagao A, et al. LRPPRC/SLIRP suppresses PNPase-
mediated mRNA decay and promotes polyadenylation in 
human mitochondria. Nucleic Acids Res 2012; 40:8033-
47; PMID:22661577; http://dx.doi.org/10.1093/nar/
gks506.
33. Sondheimer N, Fang JK, Polyak E, Falk MJ, Avadhani 
NG. Leucine-rich pentatricopeptide-repeat contain-
ing protein regulates mitochondrial transcription. 
Biochemistry 2010; 49:7467-73; PMID:20677761; 
http://dx.doi.org/10.1021/bi1008479.
34. Bratic A, Wredenberg A, Grönke S, Stewart JB, Mourier 
A, Ruzzenente B, et al. The bicoid stability factor con-
trols polyadenylation and expression of specific mito-
chondrial mRNAs in Drosophila melanogaster. PLoS 
Genet 2011; 7:e1002324; PMID:22022283; http://
dx.doi.org/10.1371/journal.pgen.1002324.
35. Sasarman F, Brunel-Guitton C, Antonicka H, Wai 
T, Shoubridge EA; LSFC Consortium. LRPPRC 
and SLIRP interact in a ribonucleoprotein complex 
that regulates posttranscriptional gene expression 
in mitochondria. Mol Biol Cell 2010; 21:1315-23; 
PMID:20200222; http://dx.doi.org/10.1091/mbc.E10-
01-0047.
36. Hatchell EC, Colley SM, Beveridge DJ, Epis MR, 
Stuart LM, Giles KM, et al. SLIRP, a small SRA bind-
ing protein, is a nuclear receptor corepressor. Mol 
Cell 2006; 22:657-68; PMID:16762838; http://dx.doi.
org/10.1016/j.molcel.2006.05.024.
37. Cooper MP, Qu L, Rohas LM, Lin J, Yang W, 
Erdjument-Bromage H, et al. Defects in energy homeo-
stasis in Leigh syndrome French Canadian variant 
through PGC-1alpha/LRP130 complex. Genes Dev 
2006; 20:2996-3009; PMID:17050673; http://dx.doi.
org/10.1101/gad.1483906.
38. Liu L, Sanosaka M, Lei S, Bestwick ML, Frey JH Jr., 
Surovtseva YV, et al. LRP130 protein remodels mito-
chondria and stimulates fatty acid oxidation. J Biol 
Chem 2011; 286:41253-64; PMID:21971050; http://
dx.doi.org/10.1074/jbc.M111.276121.
39. Richter R, Rorbach J, Pajak A, Smith PM, Wessels 
HJ, Huynen MA, et al. A functional peptidyl-tRNA 
hydrolase, ICT1, has been recruited into the human 
mitochondrial ribosome. EMBO J 2010; 29:1116-
25; PMID:20186120; http://dx.doi.org/10.1038/
emboj.2010.14.
40. He J, Cooper HM, Reyes A, Di Re M, Sembongi H, 
Litwin TR, et al. Mitochondrial nucleoid interact-
ing proteins support mitochondrial protein synthesis. 
Nucleic Acids Res 2012; 40:6109-21; PMID:22453275; 
http://dx.doi.org/10.1093/nar/gks266.
41. He J, Cooper HM, Reyes A, Di Re M, Kazak L, Wood 
SR, et al. Human C4orf14 interacts with the mito-
chondrial nucleoid and is involved in the biogenesis 
of the small mitochondrial ribosomal subunit. Nucleic 
Acids Res 2012; 40:6097-108; PMID:22447445; http://
dx.doi.org/10.1093/nar/gks257.
